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Membrane proximal basic residue (MPBR)Bitter taste, in humans, is sensed by 25 G protein-coupled receptors, referred to as bitter taste receptors (T2Rs).
The diverse roles of T2Rs in various extraoral tissues have implicated them as a potential target for therapeutic
intervention. Structure–function studies have provided insights into the role of transmembrane and loop regions
in the activation mechanism of T2Rs. However, studies aimed at deciphering the role of their carboxyl-terminus
(C-terminus) are limited. In this study, we identiﬁed a KLK/R motif in the C-terminus that is conserved in 19 of
the 25 T2Rs. Using site-directed mutagenesis we studied the role of 16 residues in the C-terminus of T2R4. The
C-terminus of T2R4 is polybasic with 6 of the 16 residues consisting of lysines, constituting two separate KK
motifs. We analyzed the effect of the C-terminus mutations on plasma membrane trafﬁcking, and characterized
their function in response to the T2R4 agonist quinine. The majority of the mutants showed defective receptor
trafﬁcking with ≤50% expression on the cell surface. Interestingly, mutation of the distal Lys296 of the KLK
motif in T2R4 resulted in constitutive activity. The K296A mutant displayed ﬁve-fold basal activity over wild
type T2R4, while the conservative substitution K296R showed wild type characteristics. The Lys294, Leu295
and Lys296 of the KLKmotif in T2R4were found to perform crucial roles, both, in receptor trafﬁcking and function.
Results from this study provide unique mechanistic insights into the structure–function role of the C-terminus in
T2R signaling.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
G protein-coupled receptors (GPCRs) form the largest and the most
diverse superfamily of cell surface proteins [1]. The 25 human bitter
taste receptors (T2Rs) belong to the GPCR superfamily. Like all GPCRs,
T2Rs consist of seven transmembrane (TM) helices, three extracellular
loops (ECLs) and three intracellular loops (ICLs),with a short extracellu-
lar N-terminus and an intracellular C-terminus (Fig. 1A). T2Rs are 290–
333 amino acids long and are relatively divergent, showing ~30–70%
amino acid identity [2]. The highly conserved amino acid residues and
motifs found in most GPCRs generally have critical roles in the mecha-
nismof receptor activation. For example, class AGPCRs have highly con-
servedmotifs, the LxxxDmotif in TM2, D/ERYmotif in TM3, CWxPmotif
in TM6, and NPxxYmotif in TM7 [3], which are absent in T2Rs. We have
previously revealed 13 highly conserved residues and two conserved
motifs in T2Rs, LxxxR in TM2 and LxxSL in TM5 [4,5]. These conserved
residues andmotifs bear no similarity to class A GPCRmotifs, suggesting
that T2Rs have a unique activation mechanism. Most of the structure–iology, College of Dentistry, 780
R3E 0W2, Canada. Tel.: +1 204
helikani).function studies in T2Rs are focused on determining the role of TM
and loop region residues involved in T2R activation and ligand binding.
The role of the C-terminus in T2R structure and function, however,
remains poorly understood.
Previous studies have shown that the cytoplasmic C-terminal region
of GPCRs plays an important role in receptor trafﬁcking [6–9], intracel-
lular signaling [8,10,11] and agonist-induced receptor internalization
[12]. GPCR export from the endoplasmic reticulum (ER) represents the
ﬁrst step in intracellular trafﬁcking of receptors and inﬂuences their
cell-surface expression and function [13,14]. However, the deﬁnitive
sequences involved in trafﬁcking and/or signal transduction remain
unclear. Sequence analysis of human GPCRs showed that basic residues
are frequent in the membrane-proximal region of the C-terminus.
Mutation of the C-terminal membrane-proximal basic residues (MPBRs)
results in a marked reduction in the cell surface expression of multi-
ple GPCRs [7,15–18], thus, suggesting that these residues are critically
involved in mediating the anterograde trafﬁcking of a broad range
of membrane proteins, including GPCRs. The sense of taste has a sig-
niﬁcant impact on food selection, nutrition and health. It is, there-
fore, highly desirable to modulate bitter taste perception and T2Rs
so that healthier bitter foods and medicines may be rendered more
palatable. Studies in airway tissues demonstrate that endogenous
T2Rs, upon activation with bitter tastants, lead to muscle relaxation
AB
C
Fig. 1.Amino acid sequence of the bitter taste receptor T2R4. A. Two-dimensional representation of the T2R4 amino acid sequence. It comprises a short extracellular N-terminus, seven trans-
membrane (TM) helices, three extracellular loops (ECLs), three intracellular loops (ICLs) and a short intracellular C-terminus. The C-terminus residues are shown in dashed circles. The con-
served KLKmotif and Leu303 are highlighted in yellow color. Also shown is the octapeptide FLAG-epitope at the N-terminus. B. Sequence alignment of the C-terminus of the 25 human T2Rs,
without any FLAG-epitope tag at theN-terminus. T2R4 is shown in red, the conserved KLK/Rmotif is highlighted ingreen. C. Sequence alignment of C-terminus of T2R4 fromdifferent species.
The sequences do not include the FLAG-epitope at their N-termini. Human T2R4 is shown in red, the KLKmotif is highlighted in green, and the highly conserved amino acids are in blue color.
Sequence alignment was done using the ClustalW algorithm.
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Fig. 2. Cell surface expression of the T2R4 and C-terminusmutants. Analysis of cell surface
expression was performed by ﬂow cytometry using the monoclonal mouse anti-FLAG
antibody (1:500 dilution), which detects the FLAG-sequence at the N-terminus of the
T2R4 and mutant receptors. The primary antibody was detected by goat anti-mouse
AlexaFluor 488 antibody (1:1000 dilution). The mean ﬂuorescence intensities of mutants
were normalized to those of WT-T2R4 and expressed in percentage. Some of the mutants
showed statistically signiﬁcant reduced surface expression, whereas, L303A showed sig-
niﬁcantly increased expression compared to wild type. Data is representative of 5–7 inde-
pendent experiments. Signiﬁcance was analyzed using one way ANOVA with Dunnett's
post-hoc test, *p b 0.05 and **p b 0.01.
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In view of the importance of T2R function in extraoral tissues, it be-
comes important to study cellular trafﬁcking of T2Rs and to elucidate
how T2R signal is desensitized.
In this study, we have examined the residues in the C-terminus of
T2R4 which are required for optimal cell surface expression and recep-
tor function. Sequence analysis identiﬁed a conserved KLK/R motif in
the C-terminus of T2Rs. We pursued alanine scanning mutagenesis of
the entire C-terminus of T2R4 (except for Ala299).We identiﬁed a num-
ber of residues which were responsible for proper targeting of T2R4 to
the cell surface. Alanine mutations of the Lys294, Leu295 and Lys296
residues of the KLK motif showed a signiﬁcant reduction in maximal
Ca2+ responses (Emax). Interestingly, the EC50 of quinine for K294A
increased almost 3-fold in comparison to the WT-T2R4. We discovered
a constitutively active mutant (CAM), K296A, which displayed ﬁve-fold
basal activity over the wild type receptor. In addition to the alanine
mutants, residues of the KLKmotifwere replaced by functionally similar
arginine or valine. The conservative substitutionmutants, K294R, L295V
and K296R, displayed Emax and EC50 values similar to WT-T2R4. Our
data, based on mutagenesis and pharmacological characterization of
the mutants, revealed that the KLK motif in T2R4 performs a critical
functional role, and the presence of basic and hydrophobic residues in
the C-terminus is important for T2R4 trafﬁcking and activation.
2. Materials and methods
2.1. Materials
Fetal bovine serum (FBS), quinine hydrochloride, anti-FLAG mouse
monoclonal antibody, 2-bromopalmitate (2-BP), and common chemicals
were purchased from Sigma. Calcium sensitive dye Fluo-4 NW, cell cul-
ture media and AlexaFluor 488 goat anti-mouse antibody were from
Invitrogen (Carlsbad, CA, USA). The Gα16–gust44 chimera was a gift
from Dr. Takashi Ueda, Nagoya City University, Japan.
2.2. Molecular biology and cell culture
The synthetic N-terminus FLAG tagged TAS2R4 gene expressed in
pcDNA3.1 vector has been described before [20]. Alanine, arginine and
valinemutations introduced into this gene,with FLAG-tag, were synthe-
sized commercially byGenScript Inc., USA. HEK293T cellswere obtained
from ATCC and maintained in 10% fetal bovine serum at 37 °C in a 95%
air and 5% CO2 chamber. The wild type and mutant TAS2R4 genes in
pcDNA3.1 were transiently co-transfected with the Gα16–gust44 chi-
mera inHEK293T cells using Lipofectamine 2000 (Invitrogen) according
to previously published procedures [21].
2.3. Functional calcium assays
Wild type FLAG-T2R4 or mutant genes were co-transfected with
Gα16–gust44 chimera in HEK293T cells using 3 μg DNA/1 × 106 cells
and 6 μl Lipofectamine in six-well tissue culture plates. After 6–8 h of
transfection, 1 × 105 viable cells/well were plated in 96-well black-
walled clear bottom plates. After another 14–16 h, the cells were loaded
with 100 μl/well calcium-sensitive Fluo-4 NW dye for 40 min at 37 °C
and another 30min at room temperature. Changes in intracellular calci-
um were measured after addition of quinine using a FlexStation-3
microplate reader (Molecular Devices), at 525 nm emission following
excitation at 494 nm. Dose–response curves were generated and EC50
values calculated using Graph Pad Prism software.
2.4. Transformation of unstable plasmids
The T291A, H292A and K296R plasmids were unstable in common
Escherichia coli strains including DH5α, therefore, their plasmid DNAs
were transformed into the low copy number CopyCutter™ EPI400™Electrocompetent E. coli cells (Epicenter Biotechnologies). To induce
these clones to high copynumbers, the EPI400 E. coli cultures expressing
these plasmids were grown overnight, and their optical density was
measured atOD600. The cultureswere then diluted in LBmedia to obtain
the ﬁnal culture density with OD600 of 0.2. These cultures were then in-
duced with 1× CopyCutter induction solution for 4 h at 37 °C with vig-
orous shaking. This solution raises the copy number to improve plasmid
yields. DNA puriﬁcation using the QiagenMaxi-Preparation Kit was car-
ried out after 4 h.
2.5. Flow cytometry
Cell surface expression of wild type T2R4 and mutants was deter-
mined using a BD FACS Canto ﬂow cytometer. HEK293T cells, in a 6-
well tissue culture plate, were transfected with 3 μg DNA/1 × 106 cells.
Following 24 h of transfection, 1 × 106/ml viable cells were collected
and washed with cold PBS buffer and incubated with mouse monoclonal
anti-FLAG M2 primary antibody (1:500 dilution in PBS) for 1 h on ice.
After 2 to 3 washings, cells were incubated with AlexaFluor 488 goat
anti-mouse secondary antibody (1:1000 dilution). Following washing,
cells were resuspended in 300 μl PBS buffer. The ﬂuorescence signals of
10,000 cells/tube were measured by the BD FACS Canto using single-
color analysis. The results were analyzed using the FACS Diva and FlowJo
software programs. The cell surface expressionwas calculated in terms of
Mean Fluorescence Intensity (MFI) as percentage increase over control,
i.e., expression of wild type T2R4, which was set at 100%.
2.6. Statistical analysis
Statistical analysis was performed using one-way analysis of vari-
ance (ANOVA) with Tukey's or Dunnett's post-hoc test from a minimum
of 3 independent experiments to determine the statistical signiﬁcance
where applicable. *p b 0.05, **p b 0.01 and ***p b 0.001.
3. Results
Studies have demonstrated the importance of the C-terminal region
of GPCRs for a variety of receptor functions, including cell surface
expression, signaling pathways, dimerization, agonist-induced internal-
ization, and desensitization. The role of the C-terminus of T2Rs in
Fig. 3. Functional characterization of T2R4 C-terminus mutants. Concentration-dependent changes in intracellular calcium [Ca2+]i induced by the bitter compound quinine in HEK293T
cells transfected with T2R4 or mutants. Data is representative of 3–4 independent experiments performed in triplicates. After subtracting the responses of quinine-induced mock-
transfected cells, dose–response curveswere generated and EC50 valueswere calculated by non-linear regression analysis usingGraph Pad Prism software. RFU, relative ﬂuorescence units.
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tion algorithms we proposed a secondary structure for T2R4 [20]. T2R4
has a short C-terminus which consists of 17 amino acids, one of them
being alanine (Fig. 1A). Six of these residues are lysines and one is histi-
dine, indicating the polybasic nature of this cytoplasmic region. Human
T2Rs have multiple basic residues in the C-terminus. The number of
basic residues varies with the length of the C-termini, ranging from 3
in T2R41 and T2R49 to 12 in T2R47 (Fig. 1B). This indicates that these
residuesmight have a role of functional importance in regulating recep-
tor signaling. Thus, we performed an alanine scan mutagenesis of all C-Table 1
Pharmacological characterization of WT-T2R4 and C-terminus mutants. Functional char-
acterization was performed by measuring changes in intracellular calcium after applica-
tion of different concentrations of quinine. Cell surface expression was determined by
ﬂow cytometry.
Receptor EC50 (μM) Emax (%) Cell surface expression (%)
WT-T2R4 715 ± 264 100 ± 14 100 ± 2
T291A 647 ± 141 61 ± 20 82 ± 17
H292A 758 ± 477 48 ± 17** 56 ± 8
P293A NS 42 ± 9** 45 ± 10
K294A 2132 ± 700** 53 ± 17* 100 ± 20
K294R 693 ± 249 84 ± 3 109 ± 19
L295A 712 ± 277 52 ± 12* 30 ± 6
L295V 680 ± 304 92 ± 15 102 ± 10
K296A 776 ± 341 50 ± 5** 29 ± 1
K296R 817 ± 245 82 ± 3 89 ± 11
T297A NS 89 ± 17 48 ± 2
T298A NS 60 ± 26 63 ± 10
K300A 513 ± 195 54 ± 13* 39 ± 6
K301A 591 ± 299 69 ± 2 34 ± 4
I302A 935 ± 102 82 ± 4 53 ± 16
L303A 1281 ± 891 53 ± 4* 161 ± 14
L303V 853 ± 343 75 ± 10 52 ± 21
C304A 1209 ± 100 50 ± 14** 29 ± 10
F305A 874 ± 212 82 ± 25 94 ± 17
K306A 1194 ± 454 91 ± 32 101 ± 18
K307A NS 65 ± 30 80 ± 17
The data represent themean± SEM of three to ﬁve independent experiments performed
in triplicates. NS — not saturated, concentration-dependent increase in calcium not
observed with quinine, Emax — the maximum possible effect of quinine. Signiﬁcance was
checked using one-way ANOVA and Dunnett's post-hoc test with *p b 0.05 and **p b 0.01.terminus residues (except Ala299) of T2R4, and characterized the role
of these mutations on cell surface expression and receptor function.
The residues were mutated to an alanine, with the expectation that
this substitution will have a minimal effect on receptor folding and
ligand binding. In addition to the alaninemutations, conservative substi-
tutions such as lysine to arginine, and leucine to valine for the residues of
the KLK motif and for Leu303, which is conserved in 18 of the 25 T2Rs,
weremade (Fig. 1B). The KLKmotif is highly conserved, while Leu303 is
conserved in 7 of the 9 species analyzed or 78% conserved (Fig. 1C).
3.1. Role of the C-terminus residues in cell surface expression
Having the relatively conserved C-terminal MPBRs in GPCRs, we
wanted to investigate whether these MPBRs are also required for cell
surface trafﬁcking of T2Rs. For this, amino-terminal FLAG-tagged WT-
T2R4 or the mutants were transiently expressed in HEK293T cells and
cell surface expression, of the non-permeabilized cells, was measured
by ﬂow cytometry. Our data revealed that alanine mutations of many
C-terminus residues resulted in reduced surface expression when
compared to WT-T2R4 (Fig. 2). Mutants L295A, K296A, K300A,
K301A and C304A showed signiﬁcantly reduced surface expression
levels amounting to a reduction of 60%–70% (Fig. 2). Of these residues,
Leu295 and Lys296 form part of the conserved KLK motif, at positions
294 to 296, towards the amino end of the C-terminus in T2Rs. Lys294
in the KLK motif is the least conserved residue in this triplet at 76%,
Leu295 is at 96% and Lys296 or Arg is 100% conserved among T2Rs. Leu-
cine at position 295 is replaced by a valine in 4% or one T2R. The K294A
mutant showed cell surface expression similar to WT-T2R4, indicating
that the Leu295 and Lys296 residues of this conserved motif are critical
for proper targeting of T2R4 to the cell surface. We further mutated
these residues to functionally similar valine or arginine to mimic the
T2Rs that contain these residues at the indicated positions. Mutants
K294R, L295V and K296R behaved similar to the wild type receptor in
terms of cell surface expression (Fig. 2). For other residues replaced
with alanine, the cell surface expression was comparable to that of
WT-T2R4 as no statistically signiﬁcant results were obtained. In con-
trast, Leu303, which is conserved in 18 T2Rs (72%), after substitution
with alanine showed an increase of 61 ± 14% in surface expression
Fig. 4. Representative calcium traces of T2R4 and selectmutants transfected inHEK293T cells and inducedwith 2.5mMquinine or buffer. Theﬁrst panel represents cells expressing vector
pcDNA3.1 (control ormock transfected). The top panel in each row shows calcium traces of transfected cells stimulatedwith 2.5mMquinine, whereas, the lower panel in each row shows
the calcium response of cells exposed to assay buffer. Quinine was added to the cells by the automatedmicroplate reader at a time point of 20 s, which is indicated by arrows. The calcium
mobilized, which was represented as relative ﬂuorescence units (RFU), was detected by the calcium-sensitive Fluo-4 NWdye after application of a saturating concentration of quinine or
buffer and measured by the Flex Station III microplate reader.
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expression comparable toWT-T2R4. The surface expression was signif-
icantly different between the two mutants with **p b 0.01.
3.2. Functional characterization
After assessing the involvement of C-terminus in optimizing the cell
surface expression of T2R4, we next examined whether these residues
have a role in stimulating calcium mobilization and receptor func-
tion. HEK293T cells transiently transfectedwithWT-T2R4or themutants
were stimulated with the agonist quinine, and calcium mobilization
was measured as reported previously [4,20,22]. All mutants displayed
varied levels of calcium mobilization upon quinine stimulation
(Fig. 3). Alanine mutations of the Lys294, Leu295 and Lys296 residues
of the KLKmotif showed a statistically signiﬁcant reduction in maximal
Ca2+ responses (Emax of 53± 17%, 52± 12% and 50 ± 5% respectively,
with a signiﬁcance of *p b 0.05 for both K294A and L295A, and **p b 0.01
for K296A, Fig. 3 and Table 1). Interestingly, the EC50 of quinine for
K294A increased almost 3-fold in comparison to the WT-T2R4 which
was statistically signiﬁcant with **p b 0.01 (Fig. 3, Table 1). There was
no remarkable change in the EC50 values of L295A and K296A compared
to WT-T2R4, despite their reduced Emax values. In contrast, the conser-
vative substitution mutants, K294R, L295V and K296R, displayed Emax
and EC50 values similar to those of WT-T2R4. Fig. 4 shows representa-
tive calcium traces for select mutants and mock-transfected cells stim-
ulated with a saturating concentration of 2.5 mM quinine or with
buffer (control). The calcium signal of mutants P293A, T297A, T298A
and K307Adid not saturate even at the highest concentration of quinine
(2.5 mM). The P293A and H292A mutants displayed a signiﬁcantly
reduced Emax compared to WT-T2R4 with **p b 0.01 (Table 1). A right-
shift was observed in the dose–response curves of T297A and T298A,but despite the low surface expression, the Emax of T297A was similar
to WT-T2R4. The EC50 values of K300A and K301A were within the
normal range. However, K300A showed a statistically reduced Emax
in comparison to WT-T2R4 with a signiﬁcance of *p b 0.05 (Fig. 3,
Table 1). A right-shift was observed in the dose–response curves of
I302A, L303A, C304A, F305A, K306A and K307A. L303A showed a statis-
tically signiﬁcant reduction in Emax (~45%) despite an increase in surface
expression (Figs. 2, 3, Table 1). However, the L303V phenotype behaved
similarly toWT-T2R4. C304A showed signiﬁcantly reducedmaximal cal-
cium responses (**p b 0.01) and a marginal increase in EC50, which
corresponded with its reduced surface expression.
3.3. Characterization of basal signaling
Recently, we characterized several CAMs in T2R4 [5,20]. Constitutive
activity locks a receptor in an active conformation and allows it to signal
even in the absence of an agonist [23,24]. This activity, which has been
observed for more than 60 GPCRs, is known to have important patho-
physiological roles in human disease [25]. To characterize the agonist-
independent (or basal) signaling of the C-terminal mutants, we mea-
sured changes in intracellular calcium with assay buffer alone (basal
activity). This response was then normalized to receptor cell surface ex-
pression. Of the 20mutants analyzed, K296A and C304A displayedmore
than a 2-fold increase over WT-T2R4 basal activity (Fig. 5A).
Next, to assess the constitutive activity of K296A and C304A in detail,
we analyzed the effect of receptor density on basal calciummobilization
(Fig. 5B). HEK293T cells were transiently transfected with increasing
amounts of WT-T2R4 or mutant DNA (2 μg, 4 μg and 6 μg DNA per 106
cells). The rationale was that an increase in DNA concentration would
increase the surface expression of receptors and as a result their activity.
This method of identifying CAMs has been validated in our previous
Fig. 5. Pharmacological characterization of the basal activity of WT-T2R4 and C-terminus
mutants. A. The agonist-independent or basal activity of all the C-terminus mutants.
Changes in calciummobilized, represented byΔRFU,were normalized to their cell surface
expression as analyzed by ﬂow cytometry. Signiﬁcance was determined using one way
ANOVA with Dunnett's post-hoc test, ***p b 0.001. Mutants K296A and C304A showed
increased basal activity in comparison to wild type receptor. Data is representative of
3–4 independent experiments. B. Effect of receptor density on basal calciummobilization.
WT-T2R4 (red line), K296A (blue line) and C304A (green line) constructs were transiently
expressed in HEK293T cells at different receptor densities by varying amounts of DNA
used in each transfection (2 μg, 4 μg, and 6 μg DNA per 106 cells). Receptor expression
levels were determined by ﬂow cytometry and normalized to WT-T2R4 transfected with
2 μg DNA per 106 cells, whichwas taken as 100%. The slope ofWT-T2R4, whichwas calcu-
lated by linear regression analysis, was 0.17±0.01,whereas that of K296Aand C304Awas
0.86 ± 0.03 and 0.25 ± 0.07, respectively. The slope value of K296A was statistically sig-
niﬁcant, with *p b 0.05, when compared to that ofWT-T2R4. Signiﬁcance was determined
using one-way ANOVAwith Dunnett's post-hoc test. This shows that K296A displays ﬁve-
fold increase over basal WT-T2R4 activity.
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was calculated from the slope of expression vs. basal activity of K296A
and C304A, which was compared to that of WT-T2R4. The slope of
WT-T2R4 was 0.17 ± 0.01, whereas, that of K296A and C304A was
0.86 ± 0.03 and 0.25 ± 0.07 respectively (Fig. 5B). This data shows
that K296A exhibits true constitutive activity, which is ﬁve-fold higher
than that of WT-T2R4, with a signiﬁcance of *p b 0.05.
4. Discussion
Sequence analysis of the human membrane protein database dem-
onstrated the prevalence of MPBRs in the C-terminal tail in GPCRs and
other receptor proteins [15]. TheseMPBRswere reported to be involved
in anterograde trafﬁcking in a limited number of proteins. For example,
the basic domain in C-terminus of chemokine receptor CCR5 supportsoptimal surface expression by co-operating with the adjacent down-
stream cysteine cluster [7]. The C-terminal MPBRs were also required
for both cell surface expression and signaling of melanin-concentrating
hormone receptor 1, MCH1R [16]. The positive role of MPBRs in antero-
grade trafﬁcking was reported for the HIV coreceptor GPR15 and Golgi-
resident glycosyltransferases [15,17]. The C-terminal 10–12 residues
following the TM segment in human GPCRs are considered the mem-
brane proximal residues, with +1 being the most proximal to the TM
[15,27]. A majority of the mutants which displayed reduced surface
expression in our study fall in the MPBR of T2R4 C-terminus, with
Thr291 being the most proximal and Leu303 the most distal residue
(Fig. 1A and B). Interestingly L303A is the only mutant that showed
increased cell surface expression but most of it is not functional as indi-
cated by its reduced Emax (Table 1). This shows that in addition to the
hydrophobic property, the bulkiness or the branched nature of the
amino acid at position 303 is important for proper function. To deter-
mine whether a structurally and functionally amino acid similar to
leucine is required at this position, we made the L303V mutation. As
expected, the conservative substitution L303V showed wild type char-
acteristics. The L295A and K296A mutants form part of the conserved
KLK/R motif in T2Rs. Conservative substitution of these residues with
valine or arginine rescued the cell surface expression equivalent to
WT-T2R4, suggesting that basic and hydrophobic residues are required
at the indicated positions for proper trafﬁcking of the receptor.
Di-lysine (KK) motif in GPCRs is one of the common sorting signals,
which leads to ER retention [28,29]. There are two such motifs, Lys300,
Lys301 and Lys306, Lys307 in the C-terminus of T2R4 but they are not
conserved among T2Rs (Fig. 1B). In human T2Rs, Lys300 (24% in T2Rs)
is replaced by either a leucine or valine in 60% of T2Rs, whereas,
Lys301 (20% in T2Rs) is replaced by an arginine in 20% of T2Rs. Interest-
ingly, only the ﬁrst KK motif of Lys300 and Lys301 is highly conserved
among T2R4s in different species (Fig. 1C). Our results suggest that
this KK motif plays a role in trafﬁcking of T2R4 (Table 1). The KLK/R
motif is highly conserved in ICL3 within the class B secretin/glucagon
GPCR subfamily [30,31]. This motif is reported to be involved in G-
protein coupling for GLP-1 and secretin receptor. Alanine mutation of
Lys296, an important residue of the KLKmotif in T2Rs, displayed con-
stitutive activity ﬁve-fold higher than that of WT-T2R4, indicating that
this residue stabilizes an active conformation of T2R4. However, in the
absence of a crystal structure of any T2R it is difﬁcult to predict the
structural mechanism(s) bywhich this CAM stabilizes an active confor-
mation. CAMs in the C-terminus of Class A GPCRs, such as the 5-HT4
receptors, dopamine receptors, and P2Y12 have been identiﬁed [32–34].
The CAMs in the C-terminus were suggested to have different kinetics
of receptor activation compared to CAMs in the ICL3 for the 5-HT4 recep-
tors [32]. Several naturally occurring and disease-causing GPCRmutants
with increased constitutive activity have been identiﬁed [25]. However,
naturally occurring T2R variants with high constitutive activity are yet
to be reported.
Studies on G-proteins, both heterotrimeric and monomeric have
shown that positive charge conferred by a polybasic domain consisting
of six lysines or arginines in the C-terminus in conjunction with a
second signal, such as a CAAX lipid anchoring motif (palmitoylation or
isoprenylation) is sufﬁcient to target the G-protein to the plasmamem-
brane [35,36]. Even in Class A GPCRs, the CAAX motif, which tethers C-
terminus to the plasma membrane forming a 4th intracellular loop, is
highly conserved. However, there is no CAAX consensus motif in T2Rs.
There is only one cysteine, Cys304, present in the C-terminus of T2R4.
Surprisingly, there are no conserved cysteines, and many of the T2Rs
have no cysteines in the C-terminus (Fig. 1B). The C304A showed a sig-
niﬁcantly reduced surface expression and Emax value (Fig. 2, Table 1). A
right-shift in the dose–response curves was observed for distal residue
mutants of C-terminus, i.e., I302A, C304A, F305A, K306A and K307A.
We speculate that conformational changes in the receptor brought
about by these mutations might have affected receptor activation
and/or ligand binding.
1508 J. Upadhyaya et al. / Biochimica et Biophysica Acta 1848 (2015) 1502–1508Another common motif found in the C-termini of GPCRs is the PDZ
binding motif, which is recognized by PDZ containing proteins [37]. A
potentially large number of mammalian family A GPCRs have the ability
to engage PDZ domain-containing proteins. The ﬁrst member of this
family reported to contain a PDZmotif was the β2AR, which in addition
to its signaling function was found to mediate an essential trafﬁcking
function [38]. Many T2Rs possess a PDZ binding motif, but no motif
is recognizable from the sequence analysis of the T2R4 C-terminus.
The absence of conserved cysteines and a PDZ binding motif in C-
terminus, thus, depict the disparity among T2Rs. Studying the factors
responsible for this low sequence conservation can provide the basis
for understanding the vast diversity of the exogenous bitter ligands rec-
ognized by T2Rs and their desensitization mechanisms.
5. Conclusion
This study identiﬁed both conserved and receptor speciﬁc motifs in
the C-terminus of T2Rs. Residues in these motifs play different roles
in receptor function. The majority of the mutants, which displayed
reduced surface expression fall in theMPBR of T2R4 C-terminus. A con-
served KLK/R motif in T2Rs, is important for receptor trafﬁcking and
activation. Of the two dibasic KK motifs present in the C-terminus of
T2R4, the KK motif present at the proximal end and made of Lys300
and Lys301 is important for cell surface expression of T2R4. Addi-
tionally, our results revealed a CAM, K296A, indicating that Lys296
of the KLK motif is important for stabilizing the active conformation
of T2Rs. Taken together, the results from this study provide novel
insights into the role of conserved residues and MPBRs in the C-
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